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Evaluation of Flexible Rogowski Coil Performances
in Power Frequency Applications
Mario Chiampi, Gabriella Crotti, and Andrea Morando
Abstract—This paper investigates the effects of some inﬂuence
quantities on the measurement of power frequency sinusoidal
currents by means of ﬂexible Rogowski coil sensors. The analysis
is carried out through a numerical model, which is speciﬁcally
developed and allows both the prediction of the circuital and
coil parameter effects and the improvement of the coil design.
The estimate of the measurement uncertainty associated with the
on-site use of a ﬂexible and openable Rogowski coil is ﬁnally given
by assuming relatively controlled operating conditions.
Index Terms—Current measurement, measurement errors,
modeling, Rogowski coil (RC), uncertainty.
I. INTRODUCTION
T
HE ROGOWSKI COIL (RC) is a current transducer often
used in electrical power applications to measure low-
frequency sinusoidal and transient high currents. The basic
properties of this device (linearity, wide bandwidth, galvanic
isolation, lightness, and low cost) make it a good alternative to
conventional current transducers, such as current transformers
(CT) and shunts, and explain a large number of further applica-
tions, which include energy management, protection systems,
CT calibration, current sharing, resistance welding process, and
measurement of partial discharges and earth resistance of trans-
mission towers [1]–[6]. The measurement uncertainty of RCs
can signiﬁcantly vary as a function of the coil characteristics
and measurement conditions, ranging from some parts in 104
to some percent.
As known, the RC is a mutual inductor, whose mutual
inductance can be easily estimated on the basis of its geometry
[3] under the assumption of the following ideal conditions:
￿ circular coil shape;
￿ power conductor of inﬁnite length and thin cross-section;
￿ power conductor placed in the coil center;
￿ power conductor orthogonal to the coil plane;
￿ closed coil with turns uniformly distributed along the
circumference;
￿ absence of any external magnetic ﬁeld.
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Theseconditions,whichcanbeeasilyreproducedinalabora-
tory, are seldom met when commercial coils are used during on-
site measurements. As a consequence, a variation of the mutual
inductance coefﬁcient can arise as a function of the coil con-
struction characteristics and operating conditions. It becomes
important then to investigate the parameters that can affect the
measurement results and to predict the accuracy decrease with
respect to the reference conditions. The improvement of the RC
behavior and the determination of the inﬂuence quantity effects,
such as the presence of an external ﬁeld source, the position
and path of the current-carrying conductor, and the noncircular
coil shape, are often performed experimentally [6]–[12]. As an
alternative, with reference to RCs for use at power frequency,
some modeling approaches have been developed [13]–[16].
In particular, the inﬂuence of the straight power conductor
position and the effect of the turn number are investigated in
[14]. The presence of a coil terminal gap is taken into account
in [15], together with the position of the power conductor.
The effect of the non-orthogonal condition between the power
conductor and the coil plane is described in [17], but for a
current sensor with a magnetic core.
This paper describes a numerical tool, which is derived from
a previous model [18], and its application to the analysis of
the different behavior of RCs under non-ideal measurement
conditions. The proposed model is able to simulate most of the
possible RC non-idealities, together with the actual power cir-
cuit conditions. It further allows the evaluation of the combined
effect of several non-idealities, which occur simultaneously.
The approach developed is fast enough to be included in a
Monte Carlo procedure for the estimation of the uncertainty
associated with the coil use.
Attention is focused on openable and ﬂexible Rogowski
coils, which are widely used because of their ease of installation
despite their lower accuracy and higher temperature sensitivity
compared to both the rigid ones and those based on printed
circuit boards [19]. The study is developed under sinusoidal
steady-state condition at power frequency by modifying both
the circuital and coil parameters, particularly the power con-
ductor position, shape, and path; the presence of an external
current; the uniformity of the turn distribution along the coil;
and the noncircular coil shape. The modeling tool, validated
through experimental measurements, also permits the evalua-
tion of those design actions that improve RC behavior and its
accuracy. Two of these design actions are the addition of a
compensation turn or a counter-wound second winding.
Taking into account the high number of parameters that
can affect the measurement accuracy, their combined effect is
conveniently evaluated by a statistical procedure. Two ranges
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of parameter variations are considered to simulate the on-
site operating conditions. In both cases, an estimate of the
measurement uncertainty is given.
II. MODELING APPROACH
The RC is essentially a linear mutual inductor linked with the
magnetic ﬁeld generated by the current i(t), which ﬂows in the
power conductor (primary conductor). The electromotive force
e(t) induced in the coil is given by
e(t)=M
di(t)
dt
(1)
where M is the mutual inductance coefﬁcient between the coil
and the primary conductor.
Under the assumption of an ideal closed coil wound with
a continuous turn distribution (inﬁnite number of turns) with
a small cross-sectional area and under no-load electrical op-
erating conditions, the mutual inductance is a constant term.
Then, according to Ampere’s law, the linked magnetic ﬂux does
not depend on the shape and position of the inﬁnite length
primary conductor. Whenever one of the previously mentioned
conditions does not occur, a variation of the mutual inductance
coefﬁcient arises.
The developed RC model, based on a 3-D quasi-analytical
formulation, provides the magnetic ﬂux linking the coil, the
mutual inductance coefﬁcient (coil sensitivity), and the elec-
tromotive force induced at the transducer terminals. Under
the assumption of a coil connected to an impedance of very
high value, the current that ﬂows in the winding is negligible
since the presence of displacement currents can be disregarded
under low frequency supply. The RC is considered in an open-
boundary homogeneous domain. According to these hypothe-
ses, the current i(t), which ﬂows in the ﬁlamentary primary
conductor,producesinagivenpointPatthetimetthemagnetic
vector potential expressed by the well-known relationship
→
A (P,t)=
μ0
4π
 
L
i(t)d
→
 
ρP
(2)
where the propagation terms are neglected, μ0 is the vacuum
magnetic permeability, L is the total primary conductor length,
and ρP is the distance between a point of the ﬁeld source and
point P. The magnetic ﬂux is then given by the line integral of
the potential along the winding proﬁle Γ, that is
Λ=
 
Γ
→
A (P,t) · d
→
γ (3)
thanks to the divergence-free property of the magnetic ﬂux
density and to the Stokes’ theorem. Integrals (2) and (3) are
numerically solved by dividing the primary conductor and the
coil turns into elements, whose number has been chosen on the
basis of preliminary computations [18].
Since the input and output terminals of an opening coil are
usually not coincident, the gap between them is quantiﬁed by
Fig. 1. Coordinate system assumed in modeling the RC.
Fig. 2. Simulated power circuit paths: (a) straight; (b) L-type; and (c) turn
conductors.
an opening angle β. In the more general case of an elliptical
coil, each point P, which belongs to the toroidal helix made of
N turns, is deﬁned by the coordinates (Fig. 1)
⎧
⎨
⎩
x =[ r · cosγ + Smax] · cosθ
y =[ r · cosγ + Smin] · sinθ
z = r · sinγ
(4)
where r is the turn radius; γ is the turn angle in the plane
Rz (0 ≤ γ ≤ 2πN); θ is the angle in the plane xy, whose value
is (((2π − β)/2πN)γ +( β/2)); and Smax and Smin are the
maximum and minimum semiaxis, respectively. An RC with
a circular shape can be described by imposing Smax = Smin =
R, where R is the mean radius. In the following computations,
the gap β is always centered at x = Smax, y =0 , z =0as
shown in Fig. 1.
A pitch weight vector is used to describe a non-uniform turn
distribution. The element wi of the vector is associated with the
pitch of the ith turn: according to its value, the turn pitch can
be enlarged (wi > 1) or reduced (wi < 1) with the constraint  N
i=1 wi = N.
The relation (4) can be generalized to the description of RCs
ﬁtted by a compensation turn or a counter-wound compensation
winding.
The model simulates the effects of bulk primary conductors
with different cross-section shapes (circular and rectangular)
by representing them with suitable distributions of ﬁlamentary
wires. The skin effect can be taken into account by assigning
proper current values to the wires.
The path of the power circuit is handled by dividing it into
straight or curvilinear segments to reproduce any conﬁguration,
as for example, straight [Fig. 2(a)], L-type [Fig. 2(b)], or turn
[Fig. 2(c)] conductors.856 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 3, MARCH 2011
Fig. 3. (a) Sketch of the open shield geometry. (b) Current density lines
induced in an open shield surrounding the turn cross-section.
Fig. 4. Normalized magnetic ﬂux through the turn cross-section, with closed
shield, open shield, and without shield.
The modeling analysis allows the prediction of the RC be-
havior as a function of the following power circuit parameters:
￿ position of the primary conductor with respect to the coil
center;
￿ shape of the primary conductor cross-section;
￿ path of the power circuit;
￿ tilt angle α of the primary conductor with respect to the
coil plane.
Moreover, the following coil parameters can be set:
￿ opening angle β;
￿ coil eccentricity;
￿ non-uniform distribution of the turns along the coil;
￿ presence of a compensation turn or a counter-wound
winding.
Actual Rogowski coils are generally shielded by an open
metallic screen [2], [20], whose induced eddy currents could
modify the magnetic ﬁeld distribution. The evaluation of this
perturbation is obtained through a ﬁnite element model based
on a 2-D ﬂux-driven T-Ω formulation [21], which provides the
induced current density in the shield (Fig. 3). The computations
are carried out in the Rz plane by imposing a sinusoidal mag-
netic ﬂux through the turn cross-section. The shield is modeled
as a hollow toroid of circular cross-section (r =3 .6 mm),
with 1 mm thickness and 30 · 106 S/m electrical conductivity
(aluminum shield), as shown in Fig. 3. Fig. 4 shows the time
behavior of the magnetic ﬂux through the turn cross-section,
computed with a closed shield, an open shield (shield break =
10◦), and without the shield. The ﬂux values Λ are normalized
to the ﬂux peak value without the shield Λ0. An amplitude
variation of 0.3% with a phase shift of about 4◦ is detected in
TABLE I
RC AND CONDUCTOR DIMENSIONS
Fig. 5. Plexiglass disc support for the RC and circular primary conductor.
Fig. 6. RC arrangement with respect to the primary and return conductors.
the presence of a closed shield with respect to the unperturbed
behavior. When the shield is open, the magnetic ﬂux variation
lowers to a few parts in 105. As a result of this analysis, the
presence of the open shield is disregarded, and (2) and (3) can
then be used.
III. EXPERIMENTAL VALIDATION
The validation of the model is carried out by comparing com-
putational and measurement results under sinusoidal supply at
power frequency. The investigation is performed on a commer-
cial ﬂexible Rogowski coil in the high-current laboratory of the
Istituto Nazionale di Ricerca Metrologica of Torino.
The dimensions of the RC and the power conductors are
given in Table I. To ensure good positioning accuracy, a plex-
iglass disc is used to support the RC and hold the primary
conductor in the stated positions (Fig. 5).
The current return is made with bar conductors, whose
distance D from the primary conductor can be changed (Fig. 6).
The RC mutual inductance M is evaluated as the ratio of the
linked ﬂux to the current value. The current is measured by a
reference CT and the ﬂux is obtained through the integration of
the voltage induced across the RC performed by the associated
integrator. A Y-bar system (Fig. 7), usually employed when per-
forming calibrations, allows the minimization of stray magnetic
ﬁelds and the symmetricpositioning of thesupply, the reference
CT, and the device arrangement.
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Fig. 7. Y-bar system, reference current transformer, and RC arrangement.
Fig. 8. Scheme of the experimental setup.
The computed and measurement results are expressed in
terms of the mutual inductance M normalized to the value
M0 obtained under reference conditions, that is, when the
primary conductor is centered, its axis is orthogonal to the coil
plane, and the return conductor is far from the device (D ≥
1445 mm). It must be emphasized that M0 does not refer to
the ideal conditions, which imply an inﬁnite primary conductor
and can be well approximated when the conductor total length
overcomes ∼ 50 · R.
The integrator associated with the coil is calibrated by
applying reference sinusoidal voltages to verify its linearity
and stability. From the results obtained, a standard uncertainty
contribution of 2.5 · 10−4 is attributed to the integrator. The
uncertainty associated with the M/M0 measurement values
(7 · 10−4, conﬁdence level 95%) is estimated by considering,
besides the contribution of the integrator, that due to the coil
positioning on the support.
SincetheturnnumberofthecommercialRCisnotaccurately
known, some computations are performed by increasing N
from130to3000.TheresultsshowthatN doesnotappreciably
affect the value of M/M0, provided that all the other coil
parameters are unvaried. Thus, a coil with 130 turns is used to
reduce the computational time. Table II summarizes the main
features of the model used to simulate the Rogowski coil.
Figs. 9 and 10 compare measurements and computations
when the position of the primary and return conductors are
varied, respectively.
In Fig. 9, the primary conductor is moved along the x-axis
(Fig. 5) and the return conductor is kept 1 445 mm away from
TABLE II
MODEL PARAMETERS
Fig. 9. Comparison of the measurement and model results versus displace-
ments of the primary conductor from the coil center for two gap angles β.
Fig. 10. Comparison of the measurement and model results as a function of
the return conductor position. The displacement of the primary conductor is
indicated as a parameter.
the primary conductor. The actual coil opening angle, which
can only be estimated, is assumed equal to 0.5◦. The maximum
relative deviation between the model and the experimental
results is 1.5 · 10−3 when the primary conductor is very close
to the gap (xp = 100 mm). The computation is repeated by
slightly increasing the opening angle (β =0 .7◦) to determine
the sensitivity to the gap variation. In this case, a measurement-
model deviation one order of magnitude lower is found for the
same position of the primary conductor. As shown in Fig. 9, all
the measurement results fall inside the strip edged by the two
modeled cases.
Fig. 10 shows the inﬂuence of the return conductor distance
from the coil center when the primary conductor is placed in
two positions (xp =7 0mm,x p = −60 mm), with β =0 .5◦.
The obtained results show an agreement between the mea-
surement and the computation that is generally better than the858 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 3, MARCH 2011
Fig. 11. Normalized mutual inductance versus primary conductor position
from the coil center, for gap angles β from 0◦ to 1.5◦.
Fig. 12. Sketch of a non-uniform turn distribution along the coil.
part per thousand. The results also make feasible the use of the
numerical model for an exhaustive analysis of the RC behavior.
IV. INFLUENCE OF THE COIL AND
CIRCUITAL PARAMETERS
The analysis is carried out by simulating the RC, whose
characteristics are summarized in Table II.
First, the effect of the primary conductor position on the
mutual inductance is investigated by assuming angle β as a
parameter.
The results are shown in Fig. 11, where the conductor is
moved along the x-axis from the coil center up to 80% of the
mean coil radius R. The values shown can be referred to any
coil radius R.
As shown in Fig. 11, when the primary conductor is close to
the coil gap, the mutual inductance decreases signiﬁcantly with
respect to M0, even for small angles β. To limit this effect, the
turns close to the coil terminals are concentrated by decreasing
their pitch (Fig. 12). The results in Table III show that for
the primary conductor position xp/R =0 .8, the deviation of
M/M0 from unit can be strongly lowered through a suitable
choice of the number m of turns with reduced pitch (weight
TABLE III
MUTUAL INDUCTANCE RELATIVE DEVIATION WITH UNIFORM AND
NON-UNIFORM OPTIMIZED TURN DISTRIBUTIONS (N = 130)
Fig. 13. Effect of non-orthogonal condition between the RC plane and the
primary conductor. The mutual inductance values are shown versus angle α for
increasing number N of turns (β =1 ◦).
wi =0 .9). For larger β, m has to be increased or the weight wi
must be decreased. As an indication, an approximated rule to
optimize the compensation is given by
2π
N
m  
i=1
(1 − wi) ≈ β. (5)
This relation is derived by imposing that the linked magnetic
ﬂux lost in the gap is compensated by the compression of the m
turns. It can be noted that the results shown in Table III agree
with (5).
In actual situations, the requirement of orthogonal condition
betweenthecoilplaneandtheprimaryconductorcannotalways
be fulﬁlled. For this reason, the effect of a coil tilt angle α is
investigated for different values of the gap β and turn number
N. In the present analysis, the primary conductor lays in the yz
plane and is rotated around the x-axis (Fig. 1) in centered posi-
tion. The tilt angle ranges from 80◦ to 100◦ with respect to the
coil plane (orthogonal condition: α =9 0 ◦). Fig. 13 shows and
compares the deviations of the mutual inductance versus α for
β =1 ◦, computed with 130, 500, and 1 000 turns. The results
show that the behaviors are almost antisymmetric with respect
to α =9 0 ◦ and that they strongly depend on the turn number.
To better understand this phenomenon, some considerations
are detailed in the appendix. It must be observed that if the
computation is repeated for β =0 ◦ (closed coil), the considered
tilt α gives rise, for the considered case, to deviations that
are at least one order of magnitude lower than those found
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Fig. 14. Sketch of (a) a second winding counter-wound with the same turns
as the main coil and (b) a counter-wound single-turn.
Fig. 15. Normalized mutual inductance versus the ratio of coil radius to bar
dimension.
The tilt effect may be considerably reduced by adding a
counter-wound winding or a counter-wound single-turn. This
solution, generally adopted to mitigate possible external mag-
netic ﬁelds with components along the coil axis (z-axis), gives
advantages also in non-orthogonal conditions. By adding a
counter-wound winding with the same turn number as the main
coil [Fig. 14(a)], the mutual inductance deviation reduces to
less than 2 · 10−4, even in the worst case (N = 130,α= 100◦).
A counter-wound single-turn, instead of a second winding
[Fig. 14(b)], leads to a 8 · 10−4 relative deviation for the same
worst case.
All the issues previously discussed concern a primary con-
ductor of circular shape. In power plants, however, busbars are
frequently used. Then, the inﬂuence on the mutual inductance
of the cross-section dimensions of the primary conductor is
investigated with respect to the coil radius. To this end, a rectan-
gular conductor with dimensions h =1 0mm and d =4 0mm
is centered at O with the major dimension along the x-axis.
A 1-mm coil gap is assumed with a turn density n =
0.172 turn/mm (Fig. 15). The mutual inductance computed
with the ﬁlamentary primary conductor is considered as
the reference value M0. As far as the major bar dimen-
sion is sufﬁciently smaller than the coil radius (R>1.5d),
the deviation of the mutual inductance from the reference value
is negligible. If the bar conductor has the major dimension d
alongthey-axis,thedeviationisreducedtoabout6 · 10−4 when
R =0 .66d.
TABLE IV
INFLUENCE QUANTITY RANGES FOR SITUATION A
V. E STIMATE OF THE ON-SITE
MEASUREMENT UNCERTAINTY
When using the RC for on-site measurements, the circuit
arrangement can signiﬁcantly differ from the optimal one with
reference to both the coil positioning around the primary con-
ductor and the presence of the return conductor and/or other
ﬁeld sources. In addition, the measurement conditions strongly
varyfromsitetositeandinmostcases,measurementconditions
cannot be accurately determined. This situation can lead to
a degradation of the RC performances since the actual value
of the mutual inductance M can be different from the one
determined in the reference condition (M0). However, the high
number of parameters, which cannot be well-controlled, makes
direct analysis unfeasible and suggests the use of a statistical
approach.
An estimate of the measurement uncertainty for an on-
site situation can be performed by making use of the model
previously described, starting from the identiﬁcation of the
inﬂuence parameters and their expected ranges of variation. In
the following, examples of uncertainty evaluation are given for
rough on-site measurements and better controlled measurement
conditions. The ﬂexible and openable RC, whose dimensions
are listed in Table II (β =0 .5◦), is ﬁtted by a counter-wound
compensation turn [Fig. 14(b)]. The inﬂuence quantities and
their assumed range of variation are shown in Table IV (sit-
uation A), together with the reference condition values. The
path of the primary conductor, with a circular cross-section, is
divided in two parts connected in correspondence of the coil
plane: the ﬁrst one has a 3 m ﬁxed length and the second section
can be varied to simulate the effect of a turn made by the power
circuit.
A propagation distribution approach based on the Monte
Carlo method is used to estimate the mutual inductance M, its
standard uncertainty, and the coverage interval corresponding
to a 95% coverage probability [22]. The standard uncertainty
associated with the input quantities is evaluated by assuming,
as a ﬁrst approach, a rectangular probability distribution of
half width equal to the variation range. The number of draws
T is ﬁxed to 20 000, which is sufﬁcient to ensure statistical
stabilized results [22].
A more controlled measurement situation is taken into ac-
count by considering the reduced range of variations shown860 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 3, MARCH 2011
TABLE V
INFLUENCE QUANTITY RANGES FOR SITUATION B
Fig. 16. Probability density functions for situations A and B.
Fig. 17. Distribution functions for situations A and B.
in Table V (situation B). Figs. 16 and 17 compare the nu-
merically approximated probability density function and dis-
tribution function for situations A and B, respectively. The
differencebetweentheestimatedmutualinductancesM isquite
negligible (M =8 .1503 nH for case A and M =8 .1487 nH for
case B, against a calculated reference value M0 =8 .1487 nH).
FromthedatashowninFig.16,standarddeviationsof0.027nH
and 0.0023 nH are found for situations A and B, respectively.
A relative standard uncertainty contribution of some parts per
thousand can then be attributed to the measurement arrange-
Fig. 18. Sketch of a square cross-section turn made of four straight segments
(I, II, III, and IV).
ment when the range of variations listed in Table IV can be
reasonably assumed. However, in a relatively more controlled
situation, this contribution becomes quite negligible or at most
comparable with that associated to M0, determined in the
calibration phase provided that measurements are performed
not too far from room temperature.
VI. CONCLUSION
A modeling analysis has been developed, which is able to
predict the Rogowski coil performances at power frequency
when operating under non-ideal conditions. The numerical tool
can be employed both in the design phase and the evaluation of
the mutual inductance variation as a function of the coil struc-
ture and the power circuit arrangement. The use of the model,
together with a propagation distribution approach based on the
Monte Carlo method, allows an evaluation of the measurement
uncertainty for those on-site arrangements where only range of
variations of the inﬂuence parameters can be estimated.
According to this approach, the uncertainty associated with
the use of a ﬂexible and openable RC is ﬁnally estimated and
found to be within some part per thousand in ﬁeld measurement
conditions.
APPENDIX
The analysis of the non-orthogonal condition effects is, in
a general case, a quite complicated topic. However, under
the assumption that the primary conductor is rotated around
the x-axis in the plane yz (Fig. 1) and the turn number N
is sufﬁciently high, some simpliﬁed considerations can be
developed.
Tothisend,theRCturnoppositetothecoilgapisconsidered.
Under the assumption of a square cross-section, this turn is
subdivided into four straight segments (I, II, III, and IV in
Fig. 18) with length l. The contribution Λt to (3), related to
the single turn, is expressed as
Λt =
 
turn
→
A ·d
→
γ=
 
I
→
A ·d
→
γ +
 
II
→
A ·d
→
γ
+
 
III
→
A ·d
→
γ +
 
IV
→
A ·d
→
γ (6)
Fig. 19(a) and (b) show the relative orientation of the vectors
involved in (6) for segments I–III and II–IV, respectively, whenCHIAMPI et al.: EVALUATION OF FLEXIBLE ROGOWSKI COIL PERFORMANCES IN POWER FREQUENCY APPLICATIONS 861
Fig. 19. Vector orientations involved in the computation of (6).
(a) Segments I–III. (b) Segments II–IV.
α =9 0 ◦ and 90◦ +Δ α(Δα>0). The angle δ is related to
the turn pitch, which depends on the turn number N. A90◦,i
and A90◦+Δα,i are the average values of the magnetic potential
along the segment i (i =I ,...,IV).
The ﬂux linked with the single turn when α =9 0 ◦ is
Λt,90◦ =
 
turn
→
A90◦ ·d
→
γ= A90◦,Ilcosδ − A90◦,IIIlcosδ
→ Λt,90◦ =lΔAcosδ (7)
where the magnetic potentials in I and III are linked by the
expression A∗,I = A∗,III +Δ A (ΔA>0). It should be noted
that the integrals along II and IV are null because their paths are
perpendicular to the magnetic vector potentials.
When α =9 0 ◦ +Δ α, the magnetic ﬂux becomes
Λt,90◦+Δα=
 
turn
→
A90◦+Δα ·d
→
γ
=l
 
ΔAcosΔαcosδ+(2A90◦+Δα,III +Δ A)
× sinΔαsinδ+(A90◦+Δα,II + A90◦+Δα,IV )
× sinΔαsinδ
 
(8)
In a similar way, when α =9 0 ◦ − Δα is considered, the
magnetic ﬂux is
Λt,90◦−Δα=
 
turn
→
A90◦−Δα ·d
→
γ
=l
 
ΔAcosΔαcosδ+
− (2A90◦−Δα,III+ΔA)sinΔαsinδ+
− (A90◦−Δα,II+A90◦−Δα,IV )sinΔαsinδ
 
(9)
The deviations e90◦+Δα =( Λ t,90◦+Δα − Λt,90◦) and
e90◦−Δα =( Λ t,90◦−Δα − Λt,90◦) are equal to
e90◦+Δα =[ Δ Acosδ(cosΔα − 1)+
+(2A90◦+Δα,III +Δ A)sinΔαsinδ+
+(A90◦+Δα,II + A90◦+Δα,IV )sinΔαsinδ]
(10)
e90◦−Δα =[ Δ Acosδ(cosΔα − 1)+
−(2A90◦−Δα,III +Δ A)sinΔαsinδ+
−(A90◦−Δα,II + A90◦−Δα,IV )sinΔαsinδ].
(11)
The ﬁrst term of both (10) and (11) is smaller than the other
ones under the above assumptions. These two relations deﬁne
an antisymmetric function of the tilt angle, which can be related
to the behavior of Fig. 13.
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